Many motile microorganisms are attracted to or repelled by chemical concentration gradients. This behavior is known as chemotaxis. Chemotactic responses have been demonstrated among several enteric bacteria (1-4). Also chemotaxis has been observed in some marine bacterial isolates (S-7). BELL and MITCHELL (8) reported chemotactic response of marine bacteria to old algal culture filtrate. It is now well estabilshed that microalgae release extracellular products such as organic substances (9-11).
We previously reported (12) that the changes in the bacterial community were related to changes in algal blooms in Maizuru Bay. In an Asterionella glacialis bloom, the genus Pseudomonas was abundant but the genus Vibrio was not (13). The growth of two strains of Pseudomonas spp., isolated as dominant strains, was strongly stimulated by A, glacialis extracellular organic carbon (EOC). But several strains of Vibrio spp., isolated in a non-bloom period were inhibited by the EOC (13) . The present study was designed to determine the chemotactic response of marine bacteria occurring during algal bloom to extracellular products of the blooming algae. And we examined the nature of the chemoattractants.
MATERIALS AND METHODS
Organisms. The bacterial strains for this study were Psudomonas sp. strain 022 isolated from the seawater in Maizuru Bay as one of the dominant bacteria during the period of A. glacialis bloom; Vibrio sp. strain 05 isolated from the seawater before the period of A. glacialis bloom (13); and Vibrio alginolyticus (ATCC 17749). All bacterial strains were maintained in modified ST 10 -' medium (14) containing 0.5 g trypticase peptone (BBL), 0.05 g yeast extract (Difco) and 25,ug ferric citrate in 11 of artificial seawater (ASW) (I5).
Algal strains used were a monoxenic culture of A. glacialis which occurred in a Maizuru Bay bloom and an axenic culture of Chattonella marina (NIES 121; provided by National Institute for Environmental Studies). The algae were maintained in f/2 medium (16) prepared with artificial seawater, at 20` C and 48pE/m2/s on a 14:10 LD cycle.
Chemotaxis assay. Chemotaxis assay was basically a modification of ADLER'S technique (17). Bacterial strains were grown in ST 10 -' medium for 24 h. When they reached a population of about 3 x 10' cells per ml, they were aseptically harvested by centrifugation at 7,000 x y for 5 min and the pellet was suspended on ST 10 -I medium. The suspension was inoculated in an algal filtrate (see "Preparation of chemoattractants" below) and incubated for 7 h at 20 C with shaking. These cultures were centrifuged at 7,000 x y for 5 min and the pellet was washed twice with ASW. The final pellet was resuspended in ASW and examined for motility with a microscope. The cell suspension, after counting in an epifluorescence microscope (18), was adjusted to 5 x 10' cells per ml. A 0.2-ml sample of the bacterial suspension was dispensed in 6 x 50 mm test tubes. A 5-pl capillary tube closed at one end and containing the substrate to be tested was introduced into each test tube. Prior to this experiment the capillaries (Microcaps; Drummond Scientific Co., Broomall, Pa) were acid cleaned and combusted at 400` C for 4h. The Chemotaxis assays were run at 20' C for 60 min. The capillaries were removed from the bacterial suspension, and wiped carefully with a paper wipe, and their contents were suspended in 10 ml ASW. The suspended bacteria were counted with an epifluorescence microscope (Nikon) after staining with 4'-,6'-diamidino-2-phenylindole (DAPI) (18). Four replicates were used for each substrate tested. Each assay was repeated at least twice on different days. The chemotactic response was expressed as a ratio of the cell number in capillaries with substrate to that in control capillaries without substrate (the attraction ratio).
Preparation of chemoattractants. Extracellular products of A. glacialis and C. marina were prepared as follows. The algal cultures at log phase were first filtered by gravity filtration through a precombusted Whatman GF/C glass fiber filter, and Bacterial Chemotaxis to Marine Algae 419 then were filtered through a sterilized GS Millipore filter (0.22pm pore size) which was pre-washed with sterile doubly-distilled water to eliminate organic contaminants from the filter. The filtrates were frozen and stored until used.
The algal filtrate was divided into two fractions. One filtrate was passed through a Dowex 50W x 4 cation exchange resin previously cleaned with 2 N NaOH, regenerated to the H + form with 2 N HC1, and rinsed to neutrality with doubly-distilled water. After a through fraction (non-cationic) was obtained, a cationic fraction was eluted with 3 N NH4OH and evaporated in vacuo to a syrup.
The other filtrate was filtered through a Diaflo YC 05 (47 mm diameter) membrane using an Amicon ultrafiltration cell and then separated into two molecular size fractions of > 500 and <500. The dissolved organic carbon fraction was determined with a total carbon analyzer (Shimadzu TOC 500).
The molecule size fraction > 500 was placed on a Sephadex G25 gel filtration column (2.5 x 91 cm) and eluted with doubly-distilled water, and 8-ml portions of effluent were collected. An active fraction excluded from Sephadex G25 was chromatographed over a column (2.5x 30 cm) of CM 52 cellulose, which previously had been equilibrated with O.OlM Na phosphate buffer pH 6.5, and eluted with 0.01, 0.2 and 0.3 M Na phosphate buffer (pH 6.5), by stepwise gradients. Each fraction was monitored for chemotaxis assays as described above and was determined at 280 nm. The active fractions were qualitatively tested to determine whether carbohydrates and amino acids were present or not (19, 20) . Carbohydrates and amino acids were determined by phenolsulfuric acid and fluorescamine methods respectively.
RESULTS
The chemotactic response (attraction ratio) of Pseudomonas 022, Vibrio 05 and Vibrio alginol vticus ATCC 17749 to algal culture filtrates of A. glacialis and C. marina, in a concentration of 10 mg C/ -' were determined (Fig. 1) . Both treatment groups of Pseudomonas 022 cells, one preincubated in algal filtrate medium and the other in ST10-1 medium, showed chemotactic response to the A. glacialis filtrate. The former cells were higher in the chemotactic response than the latter. Neither treatment group showed positive chemotactic response to C. marina filtrate. There was no response to the filtrates of A. glacialis and C. marina by Vibrio 05 or Vibrio alginolyticus. Figure 2 shows the chemotactic responses of Pseudomonas 022 and Vibrio 05 to the A. glacialis filtrate in different concentrations.
Pseudomonas 022 responded more to the undiluted filtrate (27 mg C • l-1), but the response of Vibrio 05 was not changed by the dilution of the filtrate. Figure 3 shows the chemotactic response of Pseudomonas 022 and Vibrio 05 to different molecule size fractions and different ionic charge fractions of A. glacialis filtrates. Both the > 500 mw and the cationic fraction in the filtrate attracted Pseudomonas 022, but not Vibrio 05. The active fraction with > 500 mw was separately chromatographed on Sephadex G25. As shown in Fig. 4 , there were two active chemotactic fractions. The highest activity RIQUELME and 1SHIDA VOL. 34 emerged at the 43rd fraction. This fraction was rechromatographed through a CM 52 cellulose column. As shown in Fig. 5 , there positive chemotactic response in two fraction numbers, 26 and 35. The higher active fraction (No. 26) was positive for amino acids but negative for carbohydrates. 
DISCUSSION
The previous study demonstrated that growth of a dominant Pseudomonas 022 strain during the bloom of A. glacialis was strongly stimulated by A. glacialis EOC, but the growth of vibrios strains was not (21). In the experiment reported here the selective chemotactic response of marine bacteria to extracellular products of bloom algae has been demonstrated.
Pseudomonas 022 which is dominant during the bloom of A. glacialis showed higher chemotactic response to the A. glacialis filtrate, but not to the C. marina filtrate. The chemotaxis of Pseudomonas 022 was enhanced when it was preincubated on the A. glacialis filtrate. Similar chemotactic response to (24) also demonstrated a negative correlation in the population density between vibrios and phytoplankton. The chemotaxis of bacteria to algal EOC may relate to the fact that the genus Pseudomonas emerged as a dominant strain in the bloom of A. glacialis and the genus Vibrio disappeared in that period (13). Although positive chemotactic response of Vibrio alginolyticus to acrylic and glycolic acid, which probably are derived from phytoplankton, has been reported (25), organic acids produced by algae act as possible antifoulant and antibiotics in seawater (26, 28) . Pseudomonas 022 had a higher detectable chemotaxis to a filtrate of A. glacialis culture, and was effectively chemoattracted to algal products at concentrations of 2.7 pg/ml at least (Fig. 2) . Considering that the in situ concentration of dissolved organic carbon in algal blooms reached over 3 pg/ml (12, 27), it appears that chemotactic response of bacteria to algal products plays a key role in bacterial flora succession on the phycophere, especially in the blooming period.
The A. glacialis extracellular product which induces chemotaxis of Pseudomonas 022 is a cationic compound, has a molecular weight between 1,000 to 5,000 daltons and is assumed to be composed of amino acids. The combined amino acids in the A. glacialis extracellular products occupied about 97% of the total excreted amino acid (unpublished data). This result leads us to postulate that the chemoattractant is a peptide. 
